It is generally assumed that sister chromatids are genetically and functionally identical and that segregation to daughter cells is a random process. However, functional differences between sister chromatids regulate daughter cell fate in yeast 1 and sister chromatid segregation is not random in Escherichia coli 2 . Differentiated sister chromatids, coupled with non-random segregation, have been proposed to regulate cell fate during the development of multicellular organisms 3 . This hypothesis has not been tested because molecular features to reliably distinguish between sister chromatids are not obvious. Here we show that parental 'Watson' and 'Crick' DNA template strands can be identified in sister chromatids of murine metaphase chromosomes using CO-FISH (chromosome orientation fluorescence in situ hybridization 4 ) with unidirectional probes specific for centromeric and telomeric repeats. All chromosomes were found to have a uniform orientation with the 59 end of the short arm on the same strand as T-rich major satellite repeats. The invariable orientation of repetitive DNA was used to differentially label sister chromatids and directly study mitotic segregation patterns in different cell types. Whereas sister chromatids appeared to be randomly distributed between daughter cells in cultured lung fibroblasts and embryonic stem cells, significant non-random sister chromatid segregation was observed in a subset of colon crypt epithelial cells, including cells outside positions reported for colon stem cells 5 . Our results establish that DNA template sequences can be used to distinguish sister chromatids and follow their mitotic segregation in vivo.
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Major satellite repeats have a uniform head-to-tail orientation on mouse chromosomes relative to the centromere 6, 7 . To determine whether this polarity is fixed relative to chromosome ends, we hybridized unidirectional probes specific for major satellite and telomere repeats to single-stranded metaphase chromosomes using CO-FISH (Fig. 1a) . For the CO-FISH procedure, cells are treated with BrdU for one round of DNA replication resulting in BrdU incorporation exclusively into the newly formed DNA 4, 8 . After treatment with Hoechst 33258 (a DNA dye) and ultraviolet irradiation, nicks are created exclusively at sites of BrdU incorporation, which are then used to remove newly formed DNA by exonuclease treatment and DNA denaturation. The resulting single-stranded chromosomes (containing template DNA only) are hybridized with strand-specific probes (Fig. 1a) .
Notably, all chromosomes except the Y chromosome showed a uniform orientation of major satellite relative to telomeric repeats (Fig. 1b) . On each chromosome, the 59 end of the short arm (characterized by C-rich telomere repeats) is adjacent to T-rich major satellite repeat sequences, and the 39 end of the short arm (characterized by G-rich telomere repeats) is adjacent to A-rich major satellite repeat sequences. All template strands (except those in chromosomes 4 and 18) 9 show mutually exclusive staining with fluorescently labelled peptide-nucleic acid (PNA) probes specific for either A-rich or T-rich major satellite DNA (Fig. 1b, c and Supplementary  Figs 1 and 9 ). Because the orientation of major satellite DNA relative to telomeric DNA is fixed, probes hybridized to major satellite repeats were used to arbitrarily define Watson (red fluorescence, Fig. 1d ) and Crick (green fluorescence, Fig. 1d ) DNA template strands. A similar chromosomal polarity was observed in Mus spretus fibroblasts, with the 59 end of the short arm adjacent to T-rich minor satellite repeats in most chromosomes ( Supplementary Fig. 2 ). As CO-FISH can differentially label sister chromatids, we adapted the CO-FISH technique to allow us to directly follow chromatid segregation in vivo (Fig. 1e) .
Non-random segregation of DNA strands in mammalian cells was first reported using indirect pulse-chase experiments with nucleotide analogues in dividing murine intestinal crypt epithelial cells 10 . To study directly the pattern of sister chromatid segregation in such cells, we injected adult mice for 12 h at 1-h intervals with BrdU before the collection of colon tissue, which was fixed, sectioned and subjected to CO-FISH with major satellite probes. Only a minority of cells in colon crypts were actively dividing, as shown by BrdU incorporation (Fig. 2a, right and inset) . These BrdU-positive cells showed discrete, non-overlapping red and green fluorescent signals (herein referred to as CO-FISH signals) from the strand-specific probes (Fig. 2b , white arrowheads) indicating successful generation of single-stranded chromosomes. In contrast, most non-mitotic cells showed overlapping red and green fluorescence from the major satellite probes hybridizing to both strands of double-stranded chromosomes (Fig. 2b, yellow arrowhead, Fig. 2c ). Cell pairs showing apparent template strand asymmetry were found at different positions within the colon crypt, including high within the crypt axis (Fig. 2c, d and Supplementary Fig. 3 ). Sister nuclei showing reciprocal, asymmetric CO-FISH fluorescence are compatible with non-random distribution of sister chromatids containing either Watson or Crick DNA template strands (Figs 1e, 2e, Supplementary Fig. 4 and Supplementary Movie 1). We confirmed that CO-FISH signals in mitotic colon cells from mice subjected to 12 h of BrdU treatment were exclusively derived from cells after only one round of DNA replication ( Supplementary  Fig. 5) 
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. Of note, DNA template strand asymmetry was also observed in colon tissue sections of M. spretus using probes specific for minor satellite repeats (Supplementary Fig. 6 ).
Chromosomes aligned at the metaphase plate in vivo displayed what appeared to be a polar arrangement of Watson and Crick sister chromatids ( Fig. 2f and Supplementary Movie 2). Furthermore, major satellite DNA template strands appeared to be clustered after mitosis (Fig. 2g) , and often had a marked 'mirror-image' asymmetry with territories of red and green fluorescence in one daughter cell mirrored by territories of the opposite colour in the other daughter cell ( Fig. 2g and Supplementary Movies 3 and 4). These observations indicate that pericentric regions of several chromosomes cluster in at least some post-mitotic colon cells on the basis of parental DNA template strand sequences. To exclude major rearrangements in nuclear architecture by our CO-FISH procedure, we performed threecolour CO-FISH with both major satellite probes and a telomeric probe ( Supplementary Fig. 7 ). Telomeric signals were observed at expected positions adjacent to centric regions (the terminus of the short chromatid arms) and adjacent to the division plane (the terminus of the long chromatid arms) in support of the notion that the CO-FISH procedure does not grossly alter the general morphology and positioning of segregating chromosomes.
Our qualitative observations suggested that sister chromatids of most chromosomes are segregating non-randomly in a subset of dividing colon epithelial cells. To test whether our observations could nevertheless be explained by chance, we quantified the relative Watson and Crick fluorescence in each daughter cell using dedicated software (see Supplementary Fig. 8 and Supplementary Methods for details). The measured fluorescence was converted to a relative fluorescence ratio (Fig. 3a) based on the reasoning that the total fluorescence from both daughters is the outcome of redistributing a fixed number of DNA template strands from a mother cell to the two daughter cells (Fig. 1e ). Reciprocal ratios of Watson and Crick fluorescence are in agreement with the expected distribution of chromatids between daughter cells.
We compared the measured CO-FISH fluorescence signals from sectioned colon and preparations of isolated colon cells to two cultured cell types not expected to show non-random segregation patterns: pluripotent embryonic stem (ES) cells and lung fibroblasts ( Fig. 3a and Supplementary Data Table) . To avoid selection bias for asymmetry, every cell pair with clear non-overlapping CO-FISH signals was analysed (Fig. 3b) . Although this impartial acquisition of data ensures that the measured sister chromatid segregation patterns are not influenced by cell selection, the results will include all recently divided cells, which may complicate data analysis if chromatid segregation patterns differ between cell types. Nevertheless, cell pairs from colon section and isolated colon cells showed a broader distribution of Watson and Crick fluorescence, compared to cultured ES cells and lung fibroblasts (Fig. 3b, grey boxes) , reflecting a higher frequency of sister chromatid asymmetry. Up to 50% of cell pairs from all cell types showed an excellent reciprocal ratio of measured fluorescence values between daughter cells, with Watson fluorescence distribution ratios mirrored within 5% by complementary Crick fluorescence distribution ratios (Fig. 3b , filled squares, and Supplementary Data Table) . Cell pairs showing reciprocal fluorescence outside this arbitrary cutoff (Fig. 3b , open circles) most probably reflect noise in CO-FISH measurements due to loss of DNA, non-specific fluorescence and other causes.
To test whether the measured asymmetry in colon cells was nonrandom, we superimposed our observed fluorescence distributions of cell pairs within the arbitrary 5% reciprocal cutoff value to 95% and 99% confidence intervals calculated from simulated random segregations, representing the range of fluorescence values expected by chance (see Supplementary Figs 9-11 and Supplementary Materials for full discussion of simulated random segregation and statistical analysis). The distribution of Crick template strand fluorescence from sectioned colon tissue and isolated colon cells was outside the 95% or 99% confidence intervals calculated for random sister chromatid segregation ( Fig. 3c; P , 0 .05 open arrowheads, P , 0.01 solid arrowheads). This includes a higher frequency of cell pairs with extreme asymmetry, as well as a lower frequency of cell pairs with a symmetrical distribution, than predicted by simulated random segregation. Although fewer cell pairs with extreme asymmetry were present or preserved in colon cell suspensions, the results were nevertheless significant (P , 0.01). In contrast, in ES cells and lung fibroblasts the measured fluorescence intensity values were within the 95% and 99% confidence intervals calculated for random segregation. The one exception was in lung fibroblasts at the symmetrical 55% fluorescence value, suggesting a skewing of segregation towards a 50:50 distribution of chromatids (Fig. 3c, bottom, arrowhead) . These results support the conclusion that the observed asymmetry of DNA template strand fluorescence in paired colon cells results from non-random segregation of sister chromatids rather than from rare random segregation events. We consider it unlikely that this conclusion is flawed by errors in our methods or fluorescence measurements. The inevitable measurement noise from various sources is not expected to affect adjacent daughter cells in opposite ways (skewing for red fluorescence in one daughter and for green fluorescence in the other). On the other hand, we cannot exclude that BrdU incorporation itself somehow affected sister chromatid segregation and further studies are needed to confirm our findings. Of note, we did not observe 100% asymmetric segregation of sister chromatids in any pair of mitotic colon cells. Most likely, a subset of colon cells selectively segregates sister chromatids from most but not all chromosomes. Alternatively, a small number of specific chromatids could be selectively captured in a larger proportion of cells. The strand-specific probes in this study are unable to detect minor deviations from random sister chromatid merge+DAPI me me me me me e e me e e me me m m m m rg rg rg rg r rg rg g g g g rg rg rg r r rg g g g g g g g g g g g g g rg g g g g g rg rg g g g g g rg g g g g g g rg g g rg rg g g g rg rg rg rg g g ge e e e e e e e e e e e e e e e e e e+ + + + + + + + + + + + + + + e e e+ + + + + + + + + + + + e e e e+ + + + + + + segregation or detect selective segregation of a few or single chromosomes 12 . Our results provide the first direct data supporting non-random segregation of DNA template strands in mammalian cells in vivo. Non-random segregation of sister chromatids has previously been observed in E. coli 2 and has been suggested from indirect measurements in various eukaryotic cells 13, 14 . Neither the mechanism nor the function of selective sister chromatid segregation is known at present. To enable non-random segregation, sister chromatid centromeres as well as the two centrosomes of the mitotic spindle must have distinct marks or properties that enable specific connections (Fig. 4) . Asymmetry at centrosomes 15, 16 could result in differences in the timing, the number or the dynamic behaviour of microtubules radiating from each pole. Alternatively, such differences could result from proteins enriched at a specific pole (Fig. 4a) . The adenomatous polyposis coli (APC) tumour suppressor protein could be an example of the latter given its involvement in several cellular processes including chromosome segregation and spindle assembly [17] [18] [19] [20] [21] . How sister chromatid centromeres are distinguished is equally enigmatic, but probably depends on differences in (peri)centric chromatin, perhaps by differences in the loading 22 or retention 23 of (peri)centric proteins or strand-specific replication 24 , methylation 25 or transcription of centromeric DNA 26, 27 . Centromeric RNA is known to regulate the assembly of centromeres 28 and strands of major satellite DNA are differentially transcribed during murine development 29 . Chromatin differences between sister chromatids could either be directly recognized by factors at asymmetric spindles (Fig. 4a) or favour selective Only the template strand of double-stranded DNA in sister chromatids is shown. a, Uneven distribution of epigenetic marks (M) between sister chromatid centromeres could result in asymmetric nucleation of microtubules or selective capture of microtubules coming from the 'dominant' centrosome 15, 16 . b, Differences in higher-order chromatin structure could alter the elastic properties of (peri)centric chromatin 30 and select specific sister chromatids by microtubules originating from the dominant centrosome. c, Regulation of cell fate by selective segregation of sister chromatids that differ in epigenetic marks at centromeres and selected genes.
attachment to microtubules by changes in elastic properties 30 ( Fig. 4b) . We propose that the observed non-random segregation of sister chromatids contributes to cell fate decisions as predicted by the 'silent sister' hypothesis 3 (Fig. 4c) . Further studies will test the predictions of this hypothesis that chromatin differences between sister chromatids contribute to differences in gene expression between cells, and thus regulate cell fate in asymmetrically dividing cells.
METHODS SUMMARY
CO-FISH analysis. Metaphase chromosomes were prepared from mouse ES cells (C57BL/6J background) incubated with 40 mm BrdU for 12 h before collection using standard cytogenetic procedures. Cytospin preparations of binucleated cells (3 mg ml 21 of cytochalasin B for 2 h before collection) were prepared from cultured ES cells and cultured adult lung fibroblasts. For CO-FISH, BrdU-treated cells or chromosomes were treated with pepsin, RNase A, Hoechst 33258 and irradiated with ultraviolet light 8 . Nicked DNA was removed by denaturation after digestion with exonuclease III, and remaining DNA (template) strands were hybridized to directly labelled fluorescent PNA probes specific for C-and G-rich telomere repeats and T-and A-rich major satellite DNA. Slides were counterstained with 49,6-diamidino-2-phenylindole (DAPI). For in vivo studies, C57BL/6J mice (2-3 months old) received intraperitoneal injections of BrdU at 12 3 1-h intervals. Colon tissue was formaldehyde-fixed and paraffin-embedded using standard procedures. Deparaffinized tissue sections (6 mm) were used for CO-FISH as described earlier, with further treatment at pH 6.0 and 80 uC for 45 min. Suspensions of viable colon cells were prepared with collagenase, then dropped onto slides after hypotonic treatment and fixation with methanol/acetic acid to control for possible artefacts from tissue sectioning. Image analysis. Fluorescence images captured using a digital camera mounted on a fluorescence microscope were combined and processed to provide pseudocolour images using Adobe Photoshop software. For tissue sections, a stack of images at 0.2-0.5 mm intervals was acquired and projected into a single plane. In some cases deconvolution software (SoftWoRx, Applied Precision) was used to create projection images. For image and data analysis, the fluorescence intensities within individual nuclei of paired daughter cells were measured using in-house software, and a combination of Bootstrap inference and Monte Carlo simulations was applied to build a random-segregation model and calculate 95% and 99% confidence intervals of expected fluorescence distribution profiles.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
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